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PERINEURONAL NETS IN THE CORTICAL WHITE MATTER – VISUALIZED BY 
WFA (WISTERIA FLORIBUNDA AGGLUTININ) IN ADULT MACAQUE MONKEYS  
AMY ZHANG 
ABSTRACT 
Purpose: To characterize the distribution of white matter neurons (WMNs) positive 
for perineuronal nets (PNNs) in the adult monkey. WMNs are a mixed population of 
excitatory and inhibitory neurons. They have an important role in axon guidance 
during cortical development, but their role in the adult brain is less understood.  In 
vitro and in vivo experiments provide evidence that WMNs are incorporated into 
cortical circuitry. The majority of investigations in the adult, however, have focused 
on regional variations in overall density, or on characterization of morphological and 
neurochemical subtypes. The present study was motivated by the observation that 
some WMNs exhibit PNNs in adult monkey.   Since PNNs are associated with plasticity 
in younger animals, their occurrence with some WMNs might be functionally 
significant.  
Methods: PNNs were visualized, at the light microscopic level, by WFA staining in 
three adult macaque brains. Density of WFA positive WMNs was scored at three 
anterior-posterior levels (frontal, mid-hemispheric, and occipital), and compared 
with overall density of WMNs, as visualized by immunocytochemistry for NeuN. 
Quantitation of WFA+ neurons and neuron morphology were analyzed via light 
microscopy. Soma size and appearance, and dendritic length were recorded and 
measured.  
  vi
Results: On the basis of soma size and proximal dendritic shape, several types of 
WFA+ WMNs were provisionally identified, consistent with previous reports in the 
literature. Subpopulation densities were of highest density in mid-cortical areas and 
lowest quantities at occipital, matching previous studies. Morphological 
measurements suggested a heterogeneous neuron population through soma 
measurements and dendrite orientation. Soma sizes exhibited a range of circularity 
and size (10 µm – 30 µm). Dendrites were stained beyond the “proximal” area, 
including intermediate areas beyond the first branch, and up to 500 µm.      
Conclusions: A small population of WMNs are coated by PNNs in adult monkey. On 
the basis of morphology, these might be further subdivided, but combined studies 
with other markers would be needed. Future studies might investigate age- or 
pathology-related changes in the density and subtypes of WMNs that express PNNs 
in human or nonhuman primates. We speculate that these WMNs might have 
functional specializations, perhaps similar to the plasticity effects documented for 
PNNs in early development. 
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INTRODUCTION 
The cortical hemisphere is conveniently divided into an outer, cell dense gray 
matter and underlying white matter core. The cortical white matter consists of 
myelinated and unmyelinated axons, glia, and, often overlooked, scattered 
neurons – referred to as “interstitial neurons” or “white matter neurons” 
(WMNs). First noticed in the late 19th century by Cajal, the WMNs have been 
discussed as displaced gray matter cells. Later on in 1980, Pasko Rakic 
considered the existence of neurons in the white matter (WMNs) as distinct from 
gray matter neurons, a position leading to increased interest (Kostović and Rakic 
1980, 1990). Despite this history, current knowledge of WMNs remains limited 
in respect to their function, morphology, and neurochemical subpopulations.   
The large quantity of WMNs prior to development followed by a decrease 
in quantity post-development, is a trend visible across mammalian phylogenies, 
such as rodents, carnivores, human and non-human primates (NHP) (Clancy et 
al., 2009; Suarez-Sola 2009; Kanold & Luhmann, 2010). The role of WMNs in 
guiding thalamocortical and corticocortical connections during development is 
one of their more well-established functions (Kanold & Luhmann, 2010). The 
initial idea that WMNs are transitory and play a role limited to development may 
be at least partly responsible for a neglect of WMN function in adults. However, a 
number of studies show that WMN populations persist past development 
(Kanold & Luhman, 2010; Kostović & Rakic, 1980). But what is the role of white 
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matter neurons in the post-developmental environment? One tactic toward 
answering this important question is to investigate the subpopulations. 
Heterogeneity of WMNs – Neurochemistry 
Many studies have used immunohistochemistry to screen for differences in 
neurochemical markers among WMNs. The full population of WMNs can be 
demonstrated by the pan-neuronal marker, NeuN. In regards to WMNs, the basic 
result is that there is a mixed population of excitatory and inhibitory neurons, 
with some differences between species. The heterogeneous population might be 
traced back to the developmental origins of WMNs from the fetal transitory 
compartment known as the “subplate” which serves as a “waiting area” for 
connections and a major location of synaptogenesis (Kanold & Luhmann 2010). 
Identified as a defined region between the marginal zone and cortical plate in 
fetal brains, the subplate has been firmly identified in primates (Kostović & 
Rakic, 1980; Ayoub & Kostović, 2009; Judaš et al., 2010) and in rodents as well, 
though as a smaller area (Hoerder-Suabedissen et al., 2000), suggesting an 
evolutionary role in cortical development.   
The subplate neurons (SPns) represent a morphologically and neurochemcially 
diverse population, as demonstrated by several studies and techniques. SPns 
that persist past development are then recognized as WMNs and located in the 
superficial WM area, subjacent to the gray matter (GM) compartment (Judaš et 
al., 2010). Kostović’s ultrastructural studies in nonhuman and human primates 
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demonstrate that WMNs go through a dramatic populational decrease in later 
development. There are differences between mammals in regards to the number 
of surviving SPns past development. In adult rodents, the SPns persist as 
subgriseal neurons (“layer 7,” Clancy, 2009) with only few “WMNs” persisting in 
the adult brain – though those neurons are believed to be displaced GM neurons 
(Kanold & Luhmann, 2010; Judaš et al., 2010). Humans and NHPs, on the other 
hand, have a larger subplate compartment and a larger population of persisting 
WMNs in the adult (Meyer et al., 1992; Suarez-Sola, 2009; Kanold & Luhmann, 
2010; Judaš et al., 2010; García-Marín, 2010.).  
The method for neural classification requires identifying neurons based 
on neurochemical and/or morphological characteristics. WMNs can generally be 
classified into the general categories of excitatory glutamatergic neurons and 
inhibitory GABAergic neurons. The proportion of excitatory and inhibitory 
subpopulations varies between species as well as between cortical locations 
(Clancy, 2009; rodent: Reep, 2000; human: García-Marín, 2010; Meyer et al., 
1992; monkey: Smiley et al., 1998). Within each category are specific molecular 
markers that are used to visualize, and therefore identify, each population. 
Excitatory markers include SMI32, which stains a non-phosphorylated 
neurofilament protien, and microtubule-associated protein 2 (MAP2), which 
visualizes the glutamatergic population (Meyer et al., 1992). The GABAergic 
population is more diverse (Suarez-Sola, 2009), and can be measured by 
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markers such as calcium (Ca2+) binding proteins—parvalbumin (PV), calbindin 
(CB), and calretinin (CR); neuropeptides (neuropeptide Y, somatostatin); the 
enzyme nitric oxide synthase (NOS), sometimes known as nicotinamide adenine 
dinucleotide phosphate diaphorase (NADPHd) (Tao et al., 1999; Gabbott et al., 
1997; Oermann et al., 1998; Suarez-Sola, 2009; Barbaresi et al., 2014).  
Heterogeneity of WMNs – Morphology  
Morphologically, fusiform and multipolar neurons have been distinguished as 
well as granular and pyramidal cells in the WM (Wang & Fawcett, 2012; Kostović 
& Rakic 1980). Similar to their neurochemical properties, the proportion of each 
morphological class that persists into post development remains unknown; but 
it seems likely that the abundance of each population is differentially affected 
through development. Morphology does not imply neurochemical 
characteristics, as neurons positive for one marker can be found in more than 
one morphological classification (Suarez-Sola, 2009). Previous studies have 
noted a larger presence of fusiform superficial WMNs in post-natal humans than 
pyramidal and non-pyramidal WMNs (Mrzljak et al., 1993; Kostović & Rakic, 
1990).  
WMNs – Functions  
In development, a strong association has been shown between WMNs and 
organization of ocular dominance columns in the visual cortex (Ghosh & Shatz, 
1992). WMNs assist in axon guidance, especially in developing thalamocortical 
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connections. A subpopulation of WMNs give rise to long range connections 
between cortical areas that have been shown, by retrograde tracing, to persist in 
the adult (Tomioka & Rockland, 2007).  
  There is a strong association of NOS+, and possibly other WMN 
subpopulations, with elements of the neurovasculature, indicating that some 
WMNs may play roles in inducing hemodynamic changes (Rockland & Nayyar 
2012, Barbaresi et al., 2014). Some NADPHd+ neurons with close proximity to 
blood vessels have been identified in the WM, further substantiating a functional 
relation (Meyer et al., 1992; Estrada, 1998; Oermann et al., 1999; Tao et al., 
1999; Smiley et al., 2000). Additionally, NADPHd+ neurons have been recognized 
in the corpus callosum (NHP: Rockland & Nayyar, 2012; rodent: Barbaresi et al., 
2014). Neuronal nitric oxide synthase (nNOS) positive cells in WM are 
considered to be linked with homeostatic sleep regulation (Kilduff et al., 2011). 
During the slow wave sleep stage, there is a global decrease in activity in cortical 
neurons while NADPHd+ WMNs increase in activity, perhaps due to the 
projections having a global effect on sleep regulation (Kilduff et al., 2011). From 
the differentiated subpopulations of inhibitory and excitatory neurons within 
the WM, we can reasonably infer multiple functions – though these may not be 
identical through the lifespan (Friedlander, 2009). 
Several pathological conditions have been related to abnormal WMN 
densities in the adult brain. The brains of patients afflicted with schizophrenia, 
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especially, have been reported to a 2-4 fold increase in WMNs in the frontal 
cortex (Connor et al., 2011; Yang et al., 2011). However, other studies have 
reached conflicting conclusions (Eastwood & Harrison. 2005); the abnormal and 
inconsistent variations in distribution could suggest improper migration or SPns 
or altered apoptosis during development (Suarez-sola, 2009; Fung et al., 2011; 
Kostović et al., 2011; Joshi et al., 2012). Neuropathological alterations in the 
WMN population have also been reported in autism (McFadden & Minshew, 
2013), epilepsy (Loup et al., 2009), and Alzheimers disease (Brückner et al., 
1999), further implicating a vulnerability in the WM environment to oxidative 
stress or irregular development.  
For a small WMN subpopulation, a less discussed and potentially 
functionally significant feature, is their encapsulation by a lattice-like structure 
at the soma and proximal dendrites, known as perineuronal nets (PNNs) 
(Bertolotto et al., 1991; Wang & Fawcett, 2012; Mueller et al., 2016). Named 
after “nets” for the physical appearance, the “holes” in PNNs provide open sites 
for synaptic interaction (Celio & Blumcke, 1994). PNNs surround a heterogenous 
population of excitatory and inhibitory neurons in both GM and WM, and are 
found throughout the CNS (Kinney et al., 2012, Mueller et al., 2016).  Expression 
of PNNs in the GM have been well explored but the association of PNNs with 
WMNs is relatively un-investigated.  
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Definition of PNNs 
Commonly visualized with the plant lectican stain Wisteria Floribunda agglutinin 
(WFA), PNNs are composed of four elements common in the neural extracellular 
matrix (ECM): 1) hyaluronan (HA), 2) tenascin-R (TnR), 3) link proteins, and 4) 
chondroitin sulfate proteoglycans (CSPGs). Of the CSPGs, there are four different 
types – aggrecan, versican, neurocan, and brevican, which vary in number of 
repeated protein chains (Carulli et al., 2007; Carulli et al., 2010; Hagihara et al., 
2014). Components of the ECM are synthesized from neurons and glial cells and 
are found in the extracellular space. Specific functions of each component in 
relation to PNN structure have been explored through in vivo and in vitro 
experiments. Linear, non-sulfated polymer chain HA anchor the PNNs to the 
neuronal cell surface at the soma and proximal dendrites. TnR and small 
extracellular proteins (link proteins) connect and tightly bind the HA and CSPGs 
to form the unique reticular structure. The N-terminal on the CSPG bind to HA 
chains and the C-terminal location of the lectican domain in CSPGs bind to Tn-R 
(Wang & Fawcett, 2012). CSPGs of the lectican family consist of subtypes that 
vary in the number of glycosaminoglycan chains attached, which, in turn has 
revealed a variation in PNNs (Galtrey et al., 2008). 
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The structure of PNNs have led to experimental hypotheses on their 
functions, such as structural stability for the neurons (Kinney et al., 2012), 
inhibition of plasticity, and ion homeostasis (Wang & Fawcett, 2012; Mueller et 
al., 2016). As all components of PNNs are common throughout the nervous 
system ECM, the question must be raised of what specific functions do the four 
components perform as a singular unit, and in what conditions do the ECM 
create PNNs, instead of separate components.  
PNN Function 
Destruction of PNNs or disruption in the formation of PNNs cause a delay in 
ending the critical period, a period of increased plasticity during infancy, an 
observation that supports the functional role of PNNs in plasticity (Beurdeley et 
al., 2012; Wang & Fawcett, 2012; Mauney et al., 2013). While the developmental 
timing of PNNs seems to differ between cortical locations as well as between 
species, the function of PNNs appear to be integral to the maintenance or 
Neuron 
Figure 1. PNN illustration. The extracellular components are anchored to the neuron 
through hyaluronic synthase (blue). The HA chains (black) serve as the scaffold for the 
CSPGs (green), which bind to the CSPGs through link proteins (pink). The Tn-R (purple) are 
bound to the opposite end/C-terminus of the CSPGs. This structure surrounds the neuron 
soma and proximal dendrites. Adapted from Wang & Fawcett, 2012.  
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inhibition of plasticity. This has been repeatedly shown for the cortical GM. In 
ocular deprivation studies of newborn cats, dark rearing prolongs the critical 
period in the visual cortex and a decrease of PNN staining was observed 
(Pizzorusso, 2002). In contrast, other species do not necessarily have the same 
decrease in PNN density with ocular deprivation. In the barrel cortex of mouse 
brains, whisker trimming before P30 resulted in variation of PNNs in layer V 
(GM), whereas whisker trimming after P90 did not decrease PNN markers, 
suggesting a critical period of sensory required for PNN development in the 
barrel cortex (McRae et al., 2007).  
PNNs have also been observed in the amygdala, hippocampus, 
cerebellum, and thalamus – structures potentially related to fear and learning. In 
mouse studies (Gogolla et al., 2009) the strength of fear memories is correlated 
with the presence of PNNs in the basolateral amygdala of adult mice after the 
critical period.  Disruption of PNN structures in the amygdala through 
dissociation of CSPGs with an enzyme (Chondroitinase ABC), caused an 
extinction of fear training. Enzymatic disruption of hippocampal PNNs showed 
impaired long-term potentiation. Three current theories propose that the PNN 
1) acts as a physical barrier restricting axon contact, 2) prevents membrane 
channel mobility, and/or 3) provides a scaffolding for inhibitors (Wang & 
Fawcett, 2012).  
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Beyond the role in plasticity, the role of PNNs in maintaining, or even 
determining, local ion homeostasis of neurons has been proposed. The theory is 
that the polyanionic ECM structure of the PNN has an influence on the 
intracellular environment for chloride (Cl-) homeostasis (Glykys et al., 2014). 
GABA is a major, mostly inhibitory, marker in adults and dependent on Cl- 
concentration. If PNNs effect the local homeostatic environment for Cl- , they 
affect GABA signaling as well. In addition, the structure could act as a buffering 
system for the physiological ions (e.g. calcium, potassium, sodium) though direct 
evidence has yet to be presented.  
Some studies have suggested that PNNs have a neuroprotective role against 
oxidative stress on active neurons (Cabungcal et al., 2013) and studies in the 
mouse have found a potentially protective role in PNNs against oxidative stress 
in GM PV+ neurons (McRae et al., 2007). Enzymatic degradation of PNN around 
the neurons led to faster destruction of those PV+ neurons while PNN-protected 
neurons survived the oxidative environment. Pathological alterations of the 
GABAergic PV+ neurons have been reported in Alzheimer’s disease (AD). In 
post-mortem analysis of human subjects with AD versus subjects without, 
observations were made that cortical areas with higher degrees of AD markers, 
tau proteins and amyloid plaques, displayed low densities of PNN protected 
pyramidal cells in the GM (Brückner et al., 1999; Cabungcal et al., 2013).  
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Various studies have initially determined PV+ WMNs to be the most 
abundant subgroup surrounded by PNNs, however more findings have indicated 
a larger discontinuity between species and even between subjects based on 
location within the brain (Mueller et al., 2016). And while PV+ neurons may 
encompass a large portion of WMN PNNs in some areas, such as the motor 
cortex, other neurochemical markers have been found in neurons positive for 
PNNs. Immunohistochemical co-staining has displayed the presence PNNs 
around GABA, glutamate, and CB+ neurons (Wegner et al., 2003). In addition to 
surrounding heterogeneous neurons, the PNNs also vary in morphology. Three 
types of net structures have been identified based on WFA staining in the GM: 
pyramidal, diffuse, and non-pyramidal (Wegner et al., 2003). Wegner’s 2003 
study on GM PNN subtypes within the rat parietal cortex found the non-
pyramidal structure is most common and includes characteristics such as typical 
soma and proximal dendrite staining, and initial axon staining and clearly 
defined matrix sheath. Diffuse PNNs similarly surrounded the soma and 
proximal dendrite but stain more intensely with WFA (see Figure 4 and 
Appendix) and extend into surrounding neuropil more than the other two matrix 
formations. In comparison to the easily visible diffuse neuron, pyramidal 
structures were only faintly stained and molded to the shape of pyramidal 
neurons in layer II, III, and V in the GM. Diffuse PNN encased neurons 
demonstrated reactivity to glutamatergic stains while non-pyramidal PNN 
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neurons stained for inhibitory immunohistochemcial stains such as GABA, PV, 
and KV3.1b (Brückner et al., 1999). Morphologically, non-pyramidal PNNs were 
most commonly associated with a multipolar neuron, as determined by a round 
or oval soma and smooth or less spinous dendrites. Interestingly, the diffuse 
structures appeared morphologically to a modified pyramidal neuron with 
intracortical axon connections – implying a potential long-range intracortical 
activity (Brückner et al., 1999).  
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SPECIFIC AIMS 
White matter neurons (WMNs) are a mixed population of excitatory and 
inhibitory neurons. They have an important role in axon guidance during cortical 
development, but their role in the adult brain is less understood.  In vitro and in 
vivo experiments provide evidence that WMNs are incorporated into cortical 
circuitry. The majority of investigations in the adult, however, have focused on 
regional variations in overall density, or on characterization of morphological and 
neurochemical subtypes. The present study was motivated by the observation 
that some WMNs exhibit perineuronal nets (PNN) in adult monkey.   Since PNN 
are associated with plasticity in younger animals, their occurrence with some 
WMNs might be functionally significant, and we thus undertook a further 
investigation of the distribution of WMNs positive for PNNs. In specific, PNNs 
were visualized by WFA in three adult macaque brains. Density of WFA+ WMNs 
was scored at three anterior-posterior levels (frontal, mid-hemispheric, and 
occipital), and compared with overall density of WMNs, as visualized by 
immunocytochemistry for NeuN.  On the basis of soma size and proximal dendritic 
shape, several types of WFA+ WMNs were provisionally identified, consistent 
with previous reports in the literature.  Future studies might investigate age- or 
pathology-related changes in the density and subtypes of WMNs that express 
PNNs in human or nonhuman primates. 
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METHODS  
This study mainly consists of light microscope data and analysis of a WMN 
subpopulation visualized with WFA. The animal work, part of other experiments 
(Ding et al, 2000), is therefore only briefly described below. WFA histology was 
carried out previously, at the University of Iowa. 
Subjects 
Brain tissue samples from three adult macaque monkeys (n = 3), prepared in 
compliance with approved protocols, were analyzed in this study. Briefly, the 
monkeys were anesthetized and perfused in accordance with IACUC approval at 
the University of Iowa (as stated in Ding et al., 2000 from which tissue was used 
for WFA reactions). The brains were extracted and cryoprotected in sucrose, and 
then frozen and cut into 50 µm thick sections with a microtome. Two brains 
were cut into coronal sections (R116 and P4), and one brain cut into sagittal 
sections.  All were stained with WFA, in a spaced series of 1 in 3 sections.  For 
R116, the complete series consisted of reactions for WFA, calbindin (CB), and 
parvalbumin (PV).  Thus, we were able to directly compare the density of CB+ 
and WFA+ neurons. There were only a very few, occasional neurons positive for 
PV. 
Histology 
Wisteria floribunda agglutinin (WFA) was selected to stain the subpopulation of 
WMNs surrounded by PNNs. WFA has a high affinity for N-acetylgalactosamine 
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and is an excellent marker for aggrecan, one of four subtypes of the lectican 
family of chondroitin proteoglycans (CSPGs) (Mueller et al., 2016). WFA has 
been observed to label three other lectican components found in CNS PNNs as 
well: neurocan, versican, and brevican. Due to the high affinity for a core PNN 
component (CSPG subtypes), WFA is considered a general marker for PNNs 
throughout the brain.  
WFA Procedure  
Sections were briefly rinsed with 0.3% Triton-X buffer.  After 3 x 5 minutes 
washes, sections were incubated overnight at room temperature with WFA 
(1:1000; Vector Labs, Burlingame, CA). Then, sections were washed with 0.9% 
Phosphate Buffer Solution (PBS) for 3 x 5-7 minutes. In a next step, sections 
were incubated in biotinylated avidin-HRP for 2 hours, and transferred through 
3 x 5-7 minute washes in 0.9% PBS solution. Following this, sections were 
incubated in 0.5 mM 3-3’diaminobenzidine (DAB; Sigma, St. Louis, MO) and 
0.01% hydrogen peroxide (H2O2; Thermo Fisher Scientific, Waltham, MA) for 2-5 
minutes, washed in 0.9% PBS (3 x 5  minutes) and then mounted on gelatin-
coated slides. Sections were dried and cover-slipped using Permount mounting 
medium.  
Immunocytochemistry for calbindin and parvalbumin (calcium binding 
proteins which label subpopulations of GABAergic neurons) was carried out 
according to standard protocols; namely, serial incubation in primary and 
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secondary antibodies, with a final step in 3–3’-diaminobenzidine (DAB) and 
H2O2 (similar to the steps described above). 
Separate material from adult rhesus monkeys was available, which had been 
reacted with Neuronal Nuclear Antigen (NeuN) to visualize and quantify WMNs 
(Mortazavi et al., 2016). This allowed for a comparison of WFA+ neuron versus 
total WMN population.  
NeuN Procedure  
The procedure to label NeuN was modified from previously described protocols 
(Mortazavi et al., 2016). Sections were rinsed in 0.05M Tris-buffered saline 
(TBS) 3 x 5 minutes followed, by a 30 minute incubation in 0.05M TBS + 1% 
hydrogen peroxide which functioned as an endogenous peroxidase quencher. 
After washing in 0.05 TBS (3 times for 5 minutes), sections were incubated for 
one hour in 10% Normal Goat Serum (NGS) and 0.05M TBS + 0.4% Triton-X. 
Sections were further incubated (48 hours at 4°C with shaker) in 0.05M TBS 
with 2% NGS, 0.1% Triton-X and primary antibody mouse anti-NeuN IgG (1:10, 
000; Chemicon, Temecula, CA). Sections were washed after incubation 3 x 5 
minutes with 0.05M TBS containing 2% NGS and 0.1% Triton-x. . Post-wash, 
sections were incubated for two hours in goat anti-mouse secondary antibody 
(1:600; Vector, Burlingame, CA; in 0.05M TBS + 2% NGS and 0.4% Triton-X). 
Sections were washed 3 times again in buffer and then incubated for one hour in 
avidin biotinylated horseradish peroxidase complex. Another wash (3 x 5 
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minutes in 0.05MTBS) was done before a seven minute incubation in sodium 
acetate with 0.55mM 3-3’-diaminobenzidine (DAB; Sigma, St. Louis, MO) and 
0.01% hydrogen peroxide. A final wash (3 x  5 minutes in 0.05M TBS) occurred, 
followed by mounting sections on gelatin-coated slides, which were air dried and 
cover-slipped using Permount mounting medium (Thermo Fisher Scientific, 
Waltham, MA).  
Analysis – Density 
Population analysis through quantification of WFA+ neurons in WM was 
conducted with light microscopy (Olympus BH microscope) at 40X and 100X 
magnification. Of the coronal sections, 26 sections from R116 and 29 sections 
from P4 were selected for analysis. The sections ranged in location from mid-
cortical (sensory and motor regions) levels to occipital cortex (see Figure 2), 
with the sagittal sections being used for comparison of the frontal cortex. In 
order to compare regions and trends, specific regions-of-interest were used for 
classification. Global scans were done throughout the cortex to quantify WFA+ 
neurons and regional comparisons were observed in each section by anterior 
versus posterior, superficial/deep/gyrus, and dorsal versus ventral locations. 
Neurons were counted as WFA+ if staining covered at least three quarters of the 
soma and if the soma was visible at 40X and 100X magnification. The presence of 
proximal dendrites was not required, nor visible, in all counted neurons. For the 
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purpose of this study, neurons with proximal dendrites and soma body within 
WM were classified as WMNs.  
 Stereological procedures were not performed in this study due to the low 
population density. Stereology is a widely accepted method for counting. 
However, the low density of WFA+ WMNs and the difficulty of establishing 
borders for WM compartments are strong impediments (and see Mortazavi et 
al., 2016).  For NeuN stained tissue, samples were counted by a 400 x 400 µm 
box at superficial WM and an 800 x 200 µm box at deep WM locations. 
Superficial WM is defined as the WM adjacent to layer VI of the gray matter and 
WMNs located more than 400 µm subjacent to layer VI are considered deep, 
though there is no standard range in distance, as some studies define the 
superficial WM to be 700 µm deep to the GM/WM boarder (Fung et al., 2011; 
Yang et al., 2011)    
In one brain, serial staining for CB and WFA allowed for density 
comparison in closely adjacent sections. Two sections were selected compared 
at the temporal and parietal regions. A NeuN-stained sample provided a density 
comparison at the same location, though not from the same animal.  
Analysis – Morphometrics 
Quantitative measurements of proximal dendrites, soma size and shape, and 
proximal dendritic length and branch points were recorded using a Camera 
Lucida microscope attachment (Olympus Drawing Tube). Measurements were 
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calibrated by a substage micrometer. 40X magnification was useful for defining 
general fields of interest and delineation between GM layer VI and WM, but 
details were logged at higher magnifications.  Densely stained neurons were 
clearly visible and clusters of neurons were also visible at low magnification. 
100X magnification was used for better accuracy of WMN parameters. Proximal 
dendritic length was recorded at 200x magnification, even though often visible 
at 100X, and soma size, at 400x. General location of the field (ventral or dorsal, 
gyrus or deep) was established for recording purposes.  
Data Collection 
Given the small number of brains and presumed variability of neuronal density, 
statistical analysis was not used. Neuronal quantification and location were 
summarized in Table 1. 
Documentation 
Images from each section were taken with by photomicrography and digitally 
recorded with the program PictureFrame (Application 2.3, Optronics). Scale bars 
for each image were calibrated through a substage microscope and matched to 
each image by magnification with ImageJ. Fields of interest were recorded along 
with morphometric measurements; namely, range of proximal dendrite length 
and soma area. Distance between layer VI of the gray matter and the neuron of 
interest were also measured as relevant for superficial or deep classification. If 
images of the dendrites or soma were not clearly defined at higher 
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magnification, no additional measurements were recorded. If dendrites were 
clearly defined at 200X but the soma was too blurry for measurement, only 
dendritic lengths were measured. For the proximal dendrites, the longest length 
was always recorded. Additional dendritic lengths (e.g. shortest) were recorded 
if present and >50 µm. Apple Preview software (2016) was used to adjust each 
image for brightness and contrast only.  
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RESULTS 
Neuron Density 
In a recent study of total WMN population, the average density of WMNs was 
visualized by immuno-cytochemistry for NeuN, and determined as about 40 
neurons per 0.16mm2 (400 x 400µm sampling box) in the superficial WM and 
about 10 neurons per 0.16µm2 (800 x 200 µm sampling rectangle) in the deep WM 
(Mortazavi et al., 2016). By comparison, WFA+ WMNs are much sparser (see 
Figure 6).  Since, in addition, this subpopulation is inhomogeneously scattered, 
measurements by counting box were not practical. Instead, we concentrated on 
extracting semi-quantitative general observations. (Observations did not include 
the subgriseal, very superficial WM.) These observations are listed below (and see 
Table 1). A separate section follows on morphometrics (page 23).  
1. Between the entire coronal sections of the two subjects, a maximum of 81 WFA+ 
neurons were scored. These included both darkly stained neurons, obvious even 
at 40X magnification (4X objective), and more faintly stained neurons. The latter 
could be overlooked at 40X but were confidently identified at 100X magnification. 
Refer to Appendix – photo gallery (page 40) for examples of densely stained WFA+ 
neurons.  
2. The range per coronal tissue section (Figure 2) was 32-81 neurons for brain 
R116 (n = 26 sections) and 17-48 neurons for P4 (n = 29 sections). Refer to Table 
1 for quantitative records. For both subjects, counts were lower in the posterior 
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visual cortex compared to midcortical (sensory and motor) regions. This is 
consistent with other reports of a higher concentration of WMNs, and of neurons 
coated with PNN, in sensory and motor cortices in both  human and NHP studies,  
as well as a lower population of WMNs at the visual cortex (monkey: Mueller et 
al.,  2010, human: Meyer et al., 1992; rodent: Wegner et al., 2003) 
3.  Typically, the gyral crowns were more densely populated with WFA+ neurons 
than the walls or sulcal depths. The deep WM was less populated, in accord with 
findings from previous studies comparing superficial and deep WMN density 
(Meyer et al., 1992; Suarez-sola, 2009; Judaš et al., 2010; Mortazavi et al., 2016).  
4.  Most WFA+ neurons occurred singly, but there were also small zones, typically 
in gyri, of clusters of several neurons together. These clusters of WFA+ neurons 
were observed both dorsally and ventrally but seemed not to occur in the deeper 
WM or at sulcal depths. Clusters could be generally identified by having at least 
one densely-stained neuron surrounded by more lightly-stained, smaller neurons 
within the immediate vicinity. Figure 3 shows one field with a higher density of 
WFA+ neurons, and a schematic representation of clusters and the respective 
amount of WM space for each. The areas, or “boxes”, could be sectioned into 
specific dimensions, ranging from 40 x 250 µm to 350 x 350 µm. Within each 
cluster, individual neuron distance to nearest neighboring neuron varied. The 
closest neurons (of any staining intensity) were 30 µm apart, while the furthest 
were 230 µm in Box 1; 80 µm and 165 µm in Box 2; 40µm and 110 µm in Box 3.   
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5. The corpus callosum, as an example of a deep WM tract, seems to lack WFA+ 
WMNs. This was surprising, given that neurons stained with NADPHd have been 
reported in this region in both NHP (Rockland & Nayyar, 2012) and rodents 
(Barbaresi et al., 2014).  Both coronally-sectioned brains, however, did not include 
the anterior part of the corpus callosum. Where this was available, in the sagittally 
sectioned brain, some WFA+ neurons were in fact observed, but these were 
relatively few. 
6. As stated above, the total WMN population, as visualized by NeuN, has a density 
of 10 in the deep WM and 40 at superficial WM for a 0.16 mm2 ROI (Mortazavi et 
al., 2016). This is much more numerous than the WFA+ population. In comparison 
with other, sparse subpopulations that are present in the WM, the WFA+ WMNs 
were distinctly the least numerous. In R116, parallel series were available for 
WFA, CB, and PV.  Negligible numbers of PV+ WMNs were present, as stated in 
previous literature (Suarez-sola, 2009). As shown in the Figure 6, WFA+ neurons 
were the most sparse and NeuN+ neurons the most dense.  Refer to the photo 
gallery in the Appendix (page 40) for additional images of NeuN density and 
WFA+ neurons.  
Morphometrics 
Detailed investigation of NADPHd-positive white matter neurons proposed at 
least five morphologically distinct subgroups: bipolar, round, polygonal, 
triangular, and pyriform (Barbaresi et al., 2014).  Although it is unlikely that WFA+ 
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neurons are also NADPHd+ (see above, observation 5), it seemed reasonable to 
evaluate heterogeneity within the subpopulation of WFA+ WMNs. Additionally, 
heterogeneity in PNNs has allowed further classification of PNN subtypes. In the 
rat cortical gray matter, subpopulations have been distinguished on the basis of 
different staining patterns and intensity of the PNN structure: pyramidal, non-
pyramidal, and diffuse (Wegner et al., 2003).  
In this morphometric part, we analyzed WFA+ neurons by three criteria; namely, 
size of soma, shape of soma, and shape of proximal dendritic tree.  We also 
recorded the range of WFA+ labeling of proximal dendrites, implicative for 
differential synaptic processing along the dendrite.  This parameter was less 
useful for classification, since we did not have strict serial sections and thus could 
not assess the full extent of the dendritic tree and how much of this was coated 
with PNN.  
Soma size and shape 
Soma size was measured at the greatest width and height. Measurements ranged 
from 9 x 10 µm to 25 x 35 µm. Of 38 neurons measured in brain R116, 9 were 8-
12 x 20 µm; 7 were 9-15 x 30 µm. Two neurons were more circular in shape; 
namely, 9 x 10 µm and 18 x 20 µm. In the sagittally sectioned third brain (i.e., 
including more anterior levels) we scored two large somas of 12 x 42 µm and 15 
x 35 µm.  The smallest cross-section recorded was 5 x 18 µm, followed by 6 x 25 
µm – though these measurements may be due to obliquely sectioned neurons and 
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not representative of the actual soma length or width. The largest soma were from 
the sagittal sectioned neurons. Refer to Table 2 for the comprehensive list of soma 
measurements.   
Dendritic tree 
The extent of proximal dendrites that could be ascertained as WFA+ varied from 
<50 µm – 500 µm (Table 2). The proximal dendritic trees were suggestive of all 
previously reported morphologies for WMNs; namely, associated with multipolar, 
bipolar, or pyramidal cell types.  We noted that WFA staining commonly extended 
past the first dendritic branching point, toward intermediate or more distal 
dendritic portions (Figure 4). Sagittal sections also provided the longest dendrite 
length of approx. 500 um (Figure 5 and Table 2), compared to the maximum 
length found in coronal sections (370 um). Dendrites could be classified into three 
ranges based on length. Of the 103 measured dendrites, 22 were <50 µm; 67 were 
50 – 150 µm; 14 >150 µm.  
In comparison with the observed data above, individual dendritic length, 
as visualized by the Golgi-like label of WMNs positive for NADPHd, commonly 
extends >1.0mm in humans or a few hundred µm in rat (García-Marín et al., 2010). 
NADPHd stained sections provide a comparison of dendrite lengths, with WFA 
visualizing only a shorter, proximal distance of dendrites while NADPHd stains 
the entire length of dendrites (Figure 7). Therefore, only a portion of the dendritic 
tree is WFA+. No dendritic spines were visible with WFA staining. In our sample, 
 26 
 
the dendrites where WFA label is <50um are likely in fact to have the proximal 
PNN coating commonly described in literature. The other samples, however, are 
hard to interpret as the full dendritic extent certainly extends beyond the one 
available section. 
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Figures 
  
P4 
R116 
Figure 2. Schematic of section scanned per subject (P4 with solid box; R116 with dashed 
box). Both subjects were sectioned coronally (as indicated by long broken lines) and 
included medial cortices as well as portions of the occipital lobe. P4 included more 
anterior portions of the brain but not the frontal cortex. AMTS, anterior middle temporal 
sulcus; CS, central sulcus; IAS, inferior arcuate sulcus; IOS, inferior occipital sulcus; IPS, 
intraparietal sulcus; LF, lateral fissure; LS, lunate sulcus; PMTS, posterior middle 
temporal sulcus; PS, principal sulcus; SAS, superior arcuate sulcus; STS, superior 
temporal sulcus. Brain diagram used with permission from Dr. Rockland (Borra & 
Rockland, 2011)  
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C 
Figure 3. Clusters of neurons at dorsal gyrus. An illustrated schematic (A), 
representing the histological section (B), demonstrates the classification of neuronal 
clusters (neurons represented by red dots) when normalized to the same size. Only a 
portion of the total neurons in a cluster are visible in histological sections at low 
magnification (B), typically the smaller neurons (C) found in a cluster are more visible 
at higher magnification. The increased density from the faintly stained or smaller 
neurons within a specific area are classified as “clusters”. Boxes 1 (350 x 350 µm; n = 
8), 2 (60 x 420 µm; n = 7), and 3 (40 x 250 µm, n = 4) have a large range in area and 
total neurons (n), but each neuron is within 250 µm of the closest neighboring neuron 
in Box 1, 160 µm in Box 2, and 110 µm in Box 3. Scale bar = 300 µm in A; 250 µm in B; 
100 µm in C  
IPS * 
B 
A 
1 
L.6 
L.6 
2 
3 
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Figure 4. WFA+ neurons with characteristic 
proximal dendrites and soma stained. While 
visible at 40X (A, B, C), dendrites can be clearly 
visible at 10X (D). A and B both demonstrate a 
secondary branching (short arrow) in the 
dendrite. C is an example of a WFA+ neuron 
potentially associated with a blood vessel, a 
potential WMN function associated with a 
specific subset. The neuron in D is a clear 
example of a WFA+ WMN due to the clear 
distance from layer VI (L.6) of the GM. Scale 
bar 100 = µm for A, B, and C; = 300 µm in D 
*
C 
IPS 
* 
L.6 
D *
B 
* 
A 
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* CA 
L.6 A 
C 
D CA 
L.6 
*
B 
Figure 5. Densely stained neurons from sagittal sections. Dendrites are clearly visible at 
4X magnification (A and B), and 40X magnification displays the soma of each neuron (C 
and D respectively) clearly. The longest dendrite in A is approximately 500 um long, 
while the longest dendrite in B is approximately 400. Due to variation is sectioning, the 
full extent of dendritic arborization cannot be fully displayed in 2D segments and 
morphology of the neuron cannot be conclusively determined by dendrite orientation 
alone. Additionally, C and D demonstrate the lack of dendritic spines in WFA staining. 
Scale bar = 250 µm for A and B; 50 µm for C and D. 
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* 
A 
B 
Figure 6. Density comparison of 
neural populations via staining. WFA 
(A) is most sparse, followed by CB 
(C), and NeuN (B) is the most densely 
populated. Additionally, each stain 
visualizes the neuron differently. The 
CB+ neurons in C (short arrow) only 
display a soma in the WM, in contrast 
to the WFA+ neuron which includes 
the soma and proximal dendrites. All 
fields are from the same location, 
parietal gyrus, and both A and C are 
serial sections from R116. Scale bar = 
300 µm and 100 µm for inset in C.   
C 
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A 
Figure 7. Comparison of dendrite length. 
NADPHd staining (A; provided by Dr. 
Rockland), allows for visualization of the 
entire dendrite length while WFA 
staining (B) only stains proximal 
dendrites. The difference between the 
dendritic lengths (short arrows) is 
noticeable, as the WFA dendrites are 
significantly “shorter” than the NADPH 
simply because the entire dendrite is not 
visualized. As this is common in WFA+ 
neurons, the conclusion that only 
proximal dendrites are stained and 
therefore indicate the presence of PNNs 
only around the soma and not the entire 
dendritic tree can be made. Scale bar = 
100 µm 
* 
IPS 
B 
L.6 
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Table 1. Number of WFA+ neurons in coronal sections. Sections ordered anterior 
to posterior for each subject. Sections were recorded in an anterior (mid-cortical) 
to posterior (visual cortex) direction.  
 
Subject Section  4x count Subject Section  4x count 
R116 - Monkey 2A 75 P4 - Monkey 67 35 
n=26 2B 67 n=29 65 37 
 5A 79  64 31 
 5B 81  61 41 
 8A 63  60 48 
 8B 75  58 35 
 11A 58  53 45 
 11B 62  52 37 
 12A 71  49 43 
 12B 62  45 42 
 13A 63  43 37 
 13B 66  41 40 
 16A 60  40 27 
 16B 67  39 35 
 19A 63  35A 40 
 19B 54  35B 38 
 22A 66  28A 25 
 22B 64  28B 30 
 25A 75  28C 33 
 25B 80  22C 26 
 27A 56  19A 24 
 27B 68  13A 19 
 30A 52  13C 21 
 30B 55  7A 24 
 33A 32  7B 22 
 34A 37  7C 28 
    4A 18 
    4B 17 
    4C 20 
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Table 2. Morphometric measurements on dendrite length and soma size. Asterisks 
(*) indicate presence of at least 2nd branching point in dendrite 
 
Subject Distance from L.6 (mm) Dendrite length (µm) Soma size (µm) 
Coronal - 
R116    
5A 0.70; 1.00 75; 150 20 x 35 
 0.78; 1.35 85 10 x 20  
 0.75; 1.40 185 15 x 30 
 0.90; 1.10 - - 
5B 1.14; 1.10 100; 150 10 x 20  
 0.30; 0.40 40; 90  15 x 30 
 0.30; 0.35  60; 240  10 x 30 
 0.3 50; 130 10 x ~27 
 0.35 60; 70  8 x ~22 
 0.27 120; 165 - 
 0.3 50; 150 15 x 25 
12A 1.1 - - 
 0.55; 0.80; 0.90 60; 100 10 x 30 
 0.2 60; 60 12 x 25 
 1.4 20; 75 8 x 20 
12B 0.21; 0.81 80; 150* 15 x 25 
 0.35; 1.20 45; 100* 18 x 20 
 0.42 50; 80  9 x 15 
 0.39 - 9 x 30 
 0.1 20; 20; 20 9 x 20 
13A 0.41 30; 70* 9 x 20 
 0.34 160; 370* 10 x 25 
 0.40; 0.45  - - 
 0.45; 0.53 - - 
13B 0.23; 0.80 60; 145 8 x 25 
 - 70; 120 11 x 23 
 - 30; 30; 142  12 x 22 
25A 0.12; 0.85 40; 150*  11 x 20 
 0.15; 0.77 75; 80 8 x 18 
 0.38; 0.52 80; 90 10 x 21 
 0.34 50; 50*  - 
 0.6 40; 80 - 
 1.10; 1.40 120; 215 - 
 0.62  100 * - 
 0.35 60; 140 - 
25B 0.32; 0.60 110; 160* 10 x 15 
 35 
 
 0.55 - - 
 0.28 - - 
 0.30; 1.40 70; 110 10 x 30 
 0.15 - - 
 0.13 - - 
 0.21 100; 100*  13 x 30 
 1.3 10; 60 10 x 20 
 0.28 - - 
 0.26 10; 20; 20; 30; 35 8 x 20 
 0.23 10; 50 8 x 15 
33B 0.2 30;60 6 x 25 
 0.2 20; 80 9 x 27 
 0.2 25; 50; 70 5 x 18 
 0.70; 0.80 - - 
 1.03; 1.40 120; 120; 150 12 x 16 
 0.73; 1.30 - - 
 0.32 60; 70; 85; 90 9 x 10 
 0.06 50; 52 12 x 20 
 0.4 140; 140; 180 10 x 22 
 0.44 40; 150 13 x 24 
 0.3 - - 
Sagittal     
11A 0.6 60; 500 12 x 42  
 0.95 65; 180; 410* 13 x 22 
13A 0.4 350; 380* 15 x 35 
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DISCUSSION 
The investigation into the functional and structural aspects of adult WMNs has 
progressed significantly since the extensive reports of Kostović & Rakic (1980, 
1990). The heterogeneity of WMN neurochemical and morphological features 
has led to exploration of the various subpopulations – including those WMNs 
that have an extracellular PNN encasing the cell body and proximal dendrites 
(Brückner et al., 1999, Mueller et al., 2016). The PNN is believed to impact the 
synaptic environment of the neuron, possibly via the “holes” present in PNNs 
(Celio & Blumcke, 1994). Various studies have associated PNNs with inhibition 
of plasticity, especially towards the end of the critical period (Bertolotto et al., 
1991; Pizzorusso, 2002; Muelller et al., 2016), though the specific mechanism of 
inhibition has yet to be determined.  
Morphologically, WMNs have been categorized into specific classes such 
as pyramidal, non-pyramidal, bipolar, and multipolar. However, PNN 
morphology in adult WM is less well defined, and, like WMNs as a whole, this 
subpopulation remains elusive in terms of function, especially in the adult brain.  
From this study, the presence of PNNs in the WM of adult macaque brains was 
confirmed in all three subjects through WFA staining. The semi-quantitative 
observations of WFA+ neurons confirmed their occurrence throughout the 
selected coronal sections in the mid-cortical regions to the visual cortex (Table 
1). The mid cortical areas had a higher density of WFA+ neurons than the 
 37 
 
posterior visual areas, in accordance with overall WMN density trends within 
primates (Meyer et al., 1992; Suarez-sola, 2009; Mortazavi et al., 2016).    
The sagittally sectioned brain allowed us to assess WMN distribution in 
the frontal cortex and the corpus callosum. The corpus callosum was sparsely 
populated by WFA+ neurons. These were only found in the rostral regions. 
Interestingly, WMNS positive for NADPHd have been reported in the corpus 
callosum, especially near blood vessels (rodent; Barbaresi et al., 2014, NHP: 
Rockland & Nayyar, 2012). Given the sparsity of PNN coated neurons in the area, 
we can suggest that WMNs in the corpus callosum may not be positive for PNNs. 
Following from this, we can further suggest that, on a functional level, PNNs may 
not be associated with a neurovascular role in the corpus callosum.  
The heterogeneity of WMN morphology is strongly suggested by the 
morphometric measurements recorded. For example, we observed a variable 
number of dendrites originating from the soma. From this morphometric 
parameter, we could suggest that those neurons were potentially pyramidal, 
multipolar, or bipolar. (Figure 4).  
Soma size or shape (“circularity”) is another criterion for classifying 
different neuron types (Mortazavi et al., 2016). We measured a wide range of 
soma measurements (Table 2), and observed different soma size (9 x 10 µm to 
15 x 35 µm) as well as shape (i.e., fusiform/bipolar somas and circular somas). 
Pyramidal neurons are a potential subpopulations, but are difficult to determine 
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with certainty because the characteristic apical dendrite is not likely to be 
contained within any one section.  
The presence of PNNs beyond the proximal dendrites was noted in some 
neurons, even beyond the first dendritic branch point (Figure 4 and Table 2). 
Our measurements of WFA+ dendrites ranged from <50 µm – 500 µm, beyond 
the proximal somal region. The physical location of PNNs along the dendritic 
tree would be expected to affect synaptic integration and ion homeostasis.  A 
neuroprotective role is likely, countering the potential oxidative stress in the 
WM environment (Cabungcal et al., 2013; Bitanihirwe & Woo, 2014). The 
association of PNNs in ion homeostasis (Glykys et al., 2014) and neuroprotection 
is commented on in the context of pathological conditions, such as Alzheimer’s 
Disease (Brückner et al., 1999; see Introduction – PNN function) and 
schizophrenia (Cabungcal et al., 2013; Bitanihirwe & Woo, 2014). A 2014 review  
by Britanihirwe & Woo of PNNs in relation to schizophrenia linked aberrant PNN 
structure and formation with schizophrenia. The large, polyanionic coating 
provided by PNNs are linked to ion homeostasis and are commonly associated 
with fast-spiking PV+ neurons, which are observed to be an commonly altered 
population in schizophrenia. The presence of PNNs is observed to be protective 
against oxidative stress – a condition linked to the cortical hyperexcitability 
demonstrated in schizophrenia patients (Cabungcal et al., 2013; Britanihirwe & 
Woo, 2014).  
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Technical Considerations 
Owing to the scarcity of NHP tissues, this study had only a limited number of 
subjects (n = 3).  Within this small sample, some variation was noted in 
quantitative measures. Whether the variation is due to inherent individual 
differences in WMN density or differences in the histological techniques Is 
unclear.  
Another difficulty was the problem of clearly delineating between the GM 
layer VI (L.6 in figures) and the subjacent WM.  As a result, we limited 
observations to the deep WM or zone beyond the immediately superficial WM 
and propose classification of superficial WFA+ WMNs in future studies. 
Future Directions 
The subpopulation examined in this study has pointed to several future 
directions. One important direction is obviously double labeling for WFA and 
other subclasses of WMNs; notably, the excitatory and inhibitory groups and, 
within the inhibitory group, the major CR and neuropeptide Y subpopulations.  
A second extension would be comparison along a developmental time-line. Do 
some cortical areas, such as sensory or motor cortices, (vs. the visual cortex) 
have a higher density of WFA+ WMNs at an earlier stage?  Third, the density of 
WFA+ neurons in the superficial WM versus the deep WM should be determined, 
especially in relevance to the potential role PNNs play in synaptic connections 
and inhibiting plasticity.  
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APPENDIX – Photo Gallery 
   
Photo Gallery – Images of WFA+ 
neurons (A, B, C) with clearly stained 
soma and dendrites. Soma shape 
implies possible morphological 
differences (“circular” or fusiform) 
along with dendrite orientation 
(bipolar, multipolar, or pyramidal). 
Proximal dendrites are clearly 
stained, though the possibility of 
additional or lightly stained 
dendrites remain. 
D and C demonstrate general NeuN+ 
(D) WMNs in the temporal gyrus 
versus more sparse WFA+ (E ) WMNs 
in the same location.   
A 
B 
C 
D 
E 
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